Introduction
The broad geographic availability of speleothems has allowed for the generation of continuous high-resolution, absolutely dated paleoclimate reconstructions from oxygen isotopes (δ 18 O) across the globe. As a key tropical link between high-latitude, high-resolution ice core and tropical, low-resolution marine sediment records, speleothems have served to constrain the global extent of glacial terminations [e.g., Cheng et al., 2009; Meckler et al., 2012] , characterize millennial-scale abrupt climate changes [e.g., Wang et al., 2001; Carolin et al., 2013] , provide evidence of interhemispheric antiphasing in terrestrial hydroclimate [e.g., Cruz et al., 2005a; Wang et al., 2006; Griffiths et al., 2009; Ayliffe et al., 2013] , and reconstruct centennial-scale variability over the last millennium [e.g., Sinha et al., 2007; Zhang et al., 2008; Partin et al., 2013b] . Annually and subannually resolved speleothem δ
18
O records also track high-frequency tropical modes, such as the El Niño-Southern Oscillation (ENSO) [e.g., Lachniet, 2004] , monsoon variability [e.g., Fleitmann et al., 2004; Berkelhammer et al., 2010] , and tropical cyclones [e.g., Frappier et al., 2007] .
The amount effect-whereby rainfall δ 18 O in lower latitudes is inversely correlated to rainfall amount [Dansgaard, 1964; Rozanski et al., 1993] -forms the basis for interpretations of low-latitude speleothem δ 18 O as records of past hydroclimate variability. More recently, attention has turned toward site-specific investigations of the isotope-climate relationship through time, using long-term observational monitoring programs [e.g., Cobb et al., 2007; Kurita et al., 2009; Vimeux et al., 2011; Moerman et al., 2013] and isotopeequipped general circulation models (GCMs) [e.g., Schmidt et al., 2007; LeGrande and Schmidt, 2009; Lewis et al., 2010] . While broadly supporting the amount effect relationship in the tropics, these studies and others [e.g., Lawrence et al., 2004] suggest that δ 18 O variability is best interpreted as a reflection of regional-Surface-to-cave infiltration modifies the original rainfall δ
O signal, yet this transformation is poorly constrained for all but a few karst systems. Baker et al. [2012] suggest that karst hydrology may even be a stronger control on speleothem δ
O variability than climate, in extreme cases, highlighting the need for additional studies on this topic. Dominant transformation processes include evaporation of water within the soil and epikarst layers [e.g., Ayalon et al., 1998; Bradley et al., 2010] , biases in hydrologically effective recharge toward highvolume rainfall events and/or wet seasons [e.g., Jex et al., 2010; Pape et al., 2010; Partin et al., 2012] , mixing in the vadose zone [e.g., Partin et al., 2012; Genty et al., 2014] , and variable water routing [e.g., Baker et al., 2012; Jex et al., 2013; Treble et al., 2013] . Nonstationary and nonlinear flow behavior may further obscure the relationship between rainfall and dripwater δ
O [Bradley et al., 2010; Baker et al., 2013] . As no two cave systems are alike, temporal monitoring of dripwater δ
O at individual paleoclimate sites is essential to constrain the unique influence of karst hydrology on speleothem δ
O and improve interpretations of past climate variations.
Here we present a new 6.5 year, biweekly collected time series of dripwater δ 18 O from the Mulu karst system in northern Borneo, where tropical hydroclimate has been reconstructed over the past 500,000 years Meckler et al., 2012; Carolin et al., 2013] . Building upon previous work by Cobb et al. [2007] 
Geological and Climatic Setting
The caves of Gunung Mulu National Park are found in northwestern Borneo (4°N, 114°E) within the Melinau Limestone Formation-a late Eocene to early Miocene shallow marine carbonate platform [Wilford, 1961; Wannier, 2009] . The site receives approximately 5 m of precipitation annually, which supports lush tropical rainforests with relatively thin topsoil. Seasonality in both precipitation amount and rainfall δ
18
O is weak due to the site's year-round position within the Intertropical Convergence Zone Moerman et al., 2013] . The largest anomalies in precipitation amount and rainfall δ
O occur intraseasonally in association with the Madden-Julian Oscillation (MJO; 30-90 days) and interannually in association with ENSO (2-7 years), with La Niña (El Niño) events delivering anomalously wet (dry) conditions to the region [Moerman et al., 2013] . Recharge for the Mulu karst system can be broadly divided into three categories: (1) autogenic infiltration of precipitation falling directly onto the Melinau limestone; (2) allogenic runoff from the adjoining sandstone mountain Gunung Mulu (2377 m); and (3) occasional flooding of the Melinau River alluvial plain [Waltham and Brook, 1980] .
Methods
Two distinct dripwater sampling programs were launched for this study: (1) For the 6.5 year dripwater time series, discrete samples were collected by park staff approximately every 2 weeks. Drip rate was measured manually via stopwatch. Two of the dripwater time series were collected from Wind Cave and the third from Lang's Cave, approximately 5 km to the south [Partin et al., 2013a] . The two Wind Cave drips are located 50-75 m from the entrance and overlain by~100 m of bedrock. The first drip site, named Wind Slow (WS), has a relatively slow drip rate of 7 ± 1 dpm (drips per minute; 1σ) and drips onto bedrock detritus ( Figure S1 in the supporting information). The second site, named Wind Fast (WF), has a relatively fast drip rate of 35 ± 6 dpm (1σ) and drips into a small pool within a speleothem ( Figure S1 ). The Lang's Cave drip site (L2) is located approximately 140 m from the entrance and overlain by~200 m of bedrock. L2 has an average drip rate of 14 ± 3 dpm (1σ) and drips onto a 2 m tall stalagmite ( Figure S1 ). This study also extends the Mulu rainfall δ The oxygen isotopic composition of the three dripwater time series varies coherently through time despite considerable diversity in drip type, drip rate, and geographic location ( Figure 1c ). Despite the large difference in drip rate, the Wind Cave drips WF and WS exhibit the same range of δ
18
O variability (-4.9 to -11.6‰) and nearly identical mean isotopic values (À8.2 ± 1.2‰ (1σ) and À8.0 ± 1.2‰ (1σ), respectively). Drip L2 in Lang's Cave has a similar mean δ together, this suggests that mixing of infiltrating waters is a dominant influence on the resultant isotopic composition of dripwater at the monitored sites. Potential biases in recharge rates during wet versus dry times, as well as potential evaporative enrichment of soil water, both appear to have limited influence on dripwater δ 18 O, as evidenced by (i) the close match between mean amount-weighted Mulu rainfall δ 18 O (À8.6 ± 3.5‰ (1σ)) and the combined mean isotopic value for the three dripwater time series (À8.2 ± 1.0‰ (1σ); Figure 1c ) and (ii) the lack of consistent evaporation tails in plots of dripwater δ 18 O versus δD ( Figure S2 ).
Residence Time Analysis
To further probe karst hydrology as it relates to the rainfall-to-dripwater δ 18 O transformation, we model dripwater δ
18
O from the daily Mulu rainfall δ 18 O time series. We begin by considering a simple recharge model wherein a single reservoir is fed by the autogenic infiltration of percolating precipitation. We simulate the effect of different mixing rates on dripwater δ 18 O variability by averaging daily amount-weighted rainfall δ 18 O over the previous n weeks (e.g., backward projected running mean). In this way, we generate a suite of modeled dripwater δ 18 O time series corresponding to different residence times ( Figure S3 ) and infer the actual residence time to be the number of weeks used in the modeled dripwater time series that best correlates with the observed time series for each drip site ( Figure S4 ).
We estimate residence times of 3-4 months for reservoirs feeding drips WF and WS. Observed dripwater δ O maxima and minima observed in L2 (R = 0.84), but the predicted variations are roughly 1‰ higher than observed (Figure 2 ). This suggests that the flow pathway to this drip site is more complicated than that feeding WF and WS. L2's amplitude attenuation suggests a likely contribution from a second, wellmixed reservoir, which we model using a bivariate mixing model,
where X A is the isotopic composition of Reservoir A, X B is the isotopic composition of Reservoir B, and f B is the mixing parameter. Modeled dripwater δ values, indicating that either (i) the isotopic composition of Reservoir B varies over the study period and/or (ii) that our simple two-reservoir model fails to capture the complexity of flow feeding L2. Longer time series of rainwater and dripwater δ 18 O are required to differentiate between these scenarios.
The isotopic spread of hundreds of stalagmite-forming drips collected during field expeditions falls within the variability of the dripwater δ O time series and the NINO3.4 SST index over the study period ( Figure S5 ) [Kaplan et al., 1998] (Figure 3b ). At decadal sampling resolution, individual ENSO events are largely unresolvable in the pseudostalagmites (Figure 3c) Carolin et al., 2013] . To determine the cause of this offset, we generate pseudostalagmites from modeled dripwater δ 18 O with different parameterization schemes to isolate the effects of (1) dripwater residence time, (2) multiple reservoirs, and (3) precipitation amount weighting ( Figure S6 ; see the supporting information for details). We find that dripwater residence time accounts for the majority of the observed offset, whereby drips with longer residence times are biased toward lower, La Niña-like δ
O values, given the asymmetry of the ENSO phenomenon. Amount weighting of rainfall δ
O also contributes to the observed offset by driving pseudostalagmite L2 toward even lower δ 18 O values ( Figure S6 ), as La Niña events are associated with higher precipitation amount at the site. As such, we conclude that the observed offset can be attributed to the combination of different dripwater residence times, ENSO asymmetry, and the latter's impact on amount-weighted rainfall δ 18 O. 
Discussion
This study is one of the first to capture individual ENSO events in dripwater δ elsewhere [e.g., Ayalon et al., 1998; Oster et al., 2012] , these sites typically involve rapid flow through karst conduits and joints, such that dripwater δ 18 O time series reflect discrete rainfall events. Flow to the temporally monitored drips at Mulu, however, is likely delivered by diffuse seepage flow Partin et al., 2013a] . Given the dominance of seasonal variability at most other cave monitoring sites with diffuse flow, large seasonal variations in rainfall δ
18
O (>4‰) are largely smoothed out by residence times greater than a year, generating dripwater δ 18 O variability of only~1‰ [e.g., Mickler et al., 2004; Cruz et al., 2005b; Pape et al., 2010; Partin et al., 2012; Treble et al., 2013; Genty et al., 2014] . O input, consistent with karst system modeling studies [e.g., Bradley et al., 2010; Baker et al., 2012 Baker et al., , 2013 and observations elsewhere [e.g., Ayalon et al., 1998; Treble et al., 2013; Genty et al., 2014] O anomalies on the order of those associated with a strong La Niña event (i.e., À2 to À3‰), but such events are rare in the observed time series. The contribution of higher-frequency and lower frequency climate signals to dripwater δ 18 O variability awaits the generation of longer rainfall and dripwater δ 18 O time series.
Our study provides compelling evidence that some drips are characterized by nonstationary flow regimes, which would complicate the interpretation of climate-related signals in the resulting stalagmite δ 18 O records.
Potential drivers of nonstationary flow include changes in the nature of rainfall events delivering infiltrating waters, changes in karst water balance, and reservoir volume thresholds that may bias flow along certain pathways [Bradley et al., 2010; Baker et al., 2013] documented on millennial to orbital timescales Meckler et al., 2012; Carolin et al., 2013] . That said, our study confirms the sensitivity of rainfall and dripwater δ 18 O variations in northern Borneo to zonal shifts in the location of deep convection in the western Pacific [Moerman et al., 2013] , which may occur on decadal to orbital timescales [e.g., Lea et al., 2000; Stott et al., 2002; Mann et al., 2009; Emile-Geay et al., 2013] . It thus stands to reason that zonal shifts in the mean position of deep convection may drive a significant fraction of observed millennial-to orbital-scale variability in Mulu stalagmite δ
O records.
Conclusion
Vadose water mixing is the primary karst process that governs the transformation of rainfall-to-dripwater δ 18 O at Gunung Mulu in northern Borneo. The Mulu karst system acts as a low-pass filter of 3-10+ months, with dripwater δ 18 O reflecting a smoothed version of amount-weighted local rainfall δ 18 O. Relatively rapid water transit times allow for large ENSO-related variations in local rainfall δ
18
O of 6-8‰ to be preserved as dripwater δ
O variations of 2.5-5‰, enabling the reconstruction of past ENSO variability from sufficiently fast-growing Borneo stalagmites. Variations in dripwater residence time, precipitation amount weighting, and ENSO asymmetry likely contribute to systematic offsets between overlapping stalagmite δ 18 O records documented at our site Carolin et al., 2013] . Longer dripwater δ
O time series, as well as a larger set of monitored drips, are required to assess the role of potential nonlinearities in karst flow patterns through time.
This study demonstrates the power of generating modern rainfall and dripwater isotope time series at sites where paleoclimate reconstructions from stalagmites exist. In addition to highlighting the utility of site-specific monitoring of water isotopes for stalagmite δ 
